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The goal of this work is to understand the influence of the counterion nature on 
the organized systems formed by 1,4-bis-2-ethylhexylsulfosuccinate surfactants in 
aqueous solutions and, how these aggregates will have influence on the DNA-
surfactants interactions. With this in mind, two ionic liquid-like surfactants were 
investigated: 1-butyl-3-methylimidazolium 1,4-bis-2-ethylhexylsulfosuccinate (bmim-
AOT) and 1-hexyl-3-methylimidazolium 1,4-bis-2-ethylhexylsulfosuccinate (hmim-
AOT). Measurements of dynamic light scattering (DLS), zeta potential, TEM images, 
fluorescence and UV-Visible spectroscopy were performed in order to study the 
characteristics of the vesicles formed by bmim-AOT and hmim-AOT. Regarding the 
determination of the interaction of the surfactants with DNA, circular dichroism was 
used. 
The results obtained showed that bmim-AOT and hmim-AOT ionic liquid-like 
surfactants spontaneously form unilamellar vesicles in water at very low surfactant 
concentrations. The characteristics of these aggregates are dependent on the length of 
the tail of the counterions. The length of the hydrophobic chains of the counterions also 
influences on the DNA:surfactant interactions through hydrophobic effects.
KEYWORDS: ionic liquid-like surfactant, vesicles, bmim-AOT, hmim-AOT, DNA.
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Ionic liquids (ILs) are a friendly class of compounds which have received 
significant attention as alternatives to conventional organic solvents.1–3 The great impact 
that ILs have in chemistry is predominantly due to their properties that can be adapted 
in the synthesis procedure by a large variety of cation-anion combinations.4 An 
attractive field of research deals with the synthesis of amphiphilic ILs.5–7 These new 
materials, called IL-like surfactants, have been used to create a different kind of 
organized systems such as direct micelles, reverse micelles and vesicles.3,5–11
Vesicles are spherical organized systems formulated in water by some 
amphiphilic compounds (usually phospholipids). In these aggregates, the nonpolar 
bilayer surrounds an aqueous core.12 Particularly, large unilamellar vesicles (LUVs) can 
be prepared using different techniques (such as ultra-sonication or extrusion) in order to 
convert multilamellar vesicles (formed spontaneously) into LUVs.12,13 These vesicles 
can enhance drug stability, therapeutic effects, and uptake of the solubilized drug into 
the target site with reduced toxicity.12 These organized systems can also be used for the 
development of new techniques for deoxyribonucleic acid (DNA) extraction, gene 
therapy and gene transfection.14,15 However, it is mandatory to know which are the 
DNA-surfactant interactions present and, how they can modify, or not, the DNA 
structure. It is well-established knowledge that highly charged counterions have an 
impact on DNA compaction.16,17 Therefore, the ILs can influence the DNA structure: 
the cations mostly interact with the DNA phosphate groups through electrostatic 
attractions, whereas the anions interact with the nucleobases.18 For these reasons, the 
design of new IL-like surfactants that form organized systems in aqueous solution, with 
the ability to solubilize hydrophobic molecules, and that can also interact with DNA is a 
very interesting area to investigate. Recently10 we reported the synthesis of the IL-like 
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surfactant 1-butyl-3-methylimidazolium 1,4-bis-2-ethylhexylsulfosuccinate (bmim-
AOT, Scheme 1), resulting from the mixture of sodium 1,4-bis-2-
ethylhexylsulfosuccinate (Na-AOT) and 1-butyl-3-methylimidazolium chloride (bmim-
Cl). This IL-like surfactant was isolated from the reactive mixture (removing the Na+ 
and Cl- counterions) and showed properties absolutely different from Na-AOT.10 
Particularly, we studied the physicochemical properties of reverse micelles in nonpolar 
solvents formed by bmim-AOT. It must be noted that, the properties of this surfactant in 
aqueous media were reported previously19,20 but, it is not clear which kind of aggregates 
are form in water. Moreover, the very diluted concentration regime, where the 
aggregates-aggregates interactions are minimized, was not investigated. Thus, the kind 
of aggregates that bmim-AOT forms in water is not revealed until nowadays. 
In the present work, we want to investigate the ability of this surfactant to form 
aggregates in aqueous solution, working in quite diluted solutions. Thus, we will show 
that, at bmim-AOT concentration lower than 1.5x10-3 M, unilamellar vesicles are 
formed. Futhermore, in order to investigate the effect that the counterions have on the 
properties of the formed aggregates, 1-hexyl-3-methylimidazolium 1,4-bis-2-
ethylhexylsulfosuccinate (hmim-AOT, Scheme 1) was also synthesized. The study of 
this system will provide information about the influence of the counterion structure on 
these novel organized systems and, how may influence in their possible applications. In 
this way, physicochemical properties such as size, surface charge, micropolarity and 
microviscosity of the unilamellar vesicles were also investigated. Particularly, because 
we want to use these vesicles as a drug delivery agent21 or for transfection of DNA 
molecules.22 bmim-AOT and hmim-AOT vesicles were investigated using dynamic 
light scattering (DLS), zeta potential and transmission electron microscopy (TEM) 
techniques. Besides, the use of two different fluorescent molecular probes, 2,2'-[[4-[(4-
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nitrophenyl)azo]phenyl]imino]bisethanol23–25 (disperse red 19, DR9, Scheme 1) and 
1,3-dipyrenylpropane,26,27 (P3P, Scheme 1), which are incorporated into the vesicles, 
provided information about the polarity and the viscosity of their microenvironment.28,29 
Finally, the interactions between bmim-AOT and hmim-AOT vesicles and calf thymus 




























Scheme 1. Molecular structures of the surfactants bmim-AOT and hmim-AOT, and the 
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molecular probes DR19 and P3P.
EXPERIMENTAL SECTION
Materials
1-hexyl-3-methylimidazolium chloride (hmim-Cl), bmim-Cl, Na-AOT, 
dichloromethane (DCM) and DR19 were from Sigma-Aldrich (> 99% purity). These 
compounds were kept under vacuum. P3P was purchased from Molecular Probes, Inc. 
and used as received.
The IL-like surfactant used, bmim-AOT, was obtained according the 
experimental procedure described in reference.10 Hmim-AOT was prepared following 
the same methodology,10 using as precursors hmim-Cl and Na-AOT (Scheme S1). The 
IL hmim-AOT obtained was a colorless and highly viscous liquid. The formation of 
hmim-AOT was confirmed by 1H NMR technique. Figure S1 show that all protons 
corresponding to the anionic (AOT) and to the cationic (hmim+) components are 
present. The chemical shifts values of the most relevant H of hmim-AOT obtained in 
CDCl3 are included in Table S1. The NMR spectra for all compounds were performed 
in CITIUS (Research General Service for the University of Seville), using a Bruker 
Avance III 500 MHz spectrometer (500.2 MHz for 1H). Also, FT-IR spectrum of hmim-
AOT in CCl4 was performed and compared with Na-AOT (Figure S2), observing the 
presence of the C-H stretching bands of the imidazolium ring. To obtain the FT-IR 
spectra a Nicolet IMPACT400 FT-IR spectrometer and IR cell of the type Irtran-2 
(0.015 mm of path length) from Wilmad Glass (Buena, NJ) were used.
The vesicle solutions were prepared by mass and volumetric dilution, from a 
stock solution of surfactants prepared in deionized distilled water Super Q Millipore 
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(resistivity > 18 MΩ cm), and these samples were used directly in the different 
experiments without any other procedure, as it was made in other works.6–8
Calf thymus DNA (ctDNA, 99% purity) was purchased from Sigma-Aldrich. 
The ctDNA concentration (given by phosphate groups) was estimated 
spectrophotometrically at 260 nm (molar absorptivity of 6600 M-1 cm-1).35
Hydrodynamic diameter and zeta potential measurements
A Zetasizer Nano ZS Malvern Instrument Ltd. was used for the measurement of 
hydrodynamic diameter and the zeta potential at 25 °C. The scattering angle used was 
173°. CONTIN was used as the algorithm to obtain the hydrodynamic diameter values. 
All the experiments were carried out at several different surfactant concentrations 
however, systems with [surfactant] larger than 7x10-4 M were not prepared to the DLS 
measurements due to opalescence of the final solutions. At least six hydrodynamic 
diameters and zeta potentials were measured at each surfactant concentration and the 
average value (standard deviation) was considered.
Transmission Electron Microcospy (TEM)
For the TEM experiments, the micrographs were obtained with a JEOL 1200 
EXII transmission electron microscope at a working voltage of 80 kV. The TEM 
samples were prepared by the negative-staining method. Phosphotungstic acid solution 
(2%) was used as the staining agent.36
Solubilization capacity and micropolarity of vesicle bilayer
Taking into account that DR19 is an azo dye insoluble in water, it was used to 
evaluate the solubilization capacity of the bmim-AOT and hmim-AOT vesicles. Thus, 
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an excess amount of DR19 in surfactant aqueous solutions was left stirring for two 
hours, at several surfactant concentrations. The resultant solution was filtered, using a 
standard gravity filtration method, and the dye concentration was determined 
spectrophotometrically at 495 nm and  = 23000 M-1 cm-1.23,24,28 The absorbance of the 
dye solutions was measured in a Hitachi UV-3900 spectrophotometer. The temperature 
was maintained at 25.0 ± 0.1 °C by using a water-jacketed cell compartment.
Determination of the microviscosity of vesicle bilayer
The vesicles containing P3P (2x10-6 M) solutions were prepared following the 
method in reference.26 The fluorescence emission spectra of P3P solutions were 
registered between 350 and 550 nm with an exc = 346 nm. The intensities of the 
monomer emission (IM) and the excimer emission (IE) were recorded at the wavelength 
corresponding to the first vibronic peak of the monomer, located near 378 nm, and that 
of the excimer at around 490 nm, respectively.26 Fluorescence measurements were done 
in a Hitachi F-2500 fluorescence spectrophotometer. The value of IM/IE ratio reported to 
each concentration of surfactant was the average of ten spectra. The temperature was 
kept at 25°C by a water flow cryostat connected to the cell compartment.
Circular dichroism
Circular dichroism (CD) experiments were performed in a Biologic Mos-450 
spectropolarimeter. A circulation thermostatic bath kept the sample temperature at 25.0 
 0.1 °C. A cuvette of 0.1 cm path length and a scan speed of 50 nm min-1 were used. 
Prior to use argon was passed through the solutions for more than two hours. The 
reported spectra were the average of ten runs with a 5 min equilibration before each 
scan.
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The solubility of bmim-AOT and hmim-AOT in water was investigated. Both 
ILs were soluble in water up to the evaluated concentration of 1 M, forming opalescent 
solutions stable over time. This type of opalescent solutions can be taken as indicative 
of the formation of aggregates of a considerable size since they show a great capacity to 
scatter the light.37
Different solutions of bmim-AOT and hmim-AOT in water were prepared and 
the samples were analyzed by DLS. Table 1 shows the apparent hydrodynamic 
diameter, dapp, values obtained for bmim-AOT and hmim-AOT in water at 25 ºC. Also 
in Figure S3, the DLS intensity plot for both surfactant in water at [surfactant] = 3x10-4 
M is depicted. The DLS data show the formation of aggregates with diameters ranging 
from 146 - 164 nm for bmim-AOT and, from 93 - 120 nm for hmim-AOT, with low 
polydispersity indexes (within the range 0.2 - 0.4) in both cases. Moreover, in the range 
of 2x10-5 M - 7x10-4 M the sizes were independent of the surfactant concentration. The 
size ranges found for the two surfactants could suggest the formation of vesicles.38
The independency observed on the diameter values measured at different 
[surfactant] and, particularly the detection of aggregates even at low [surfactant] are 
good evidences that the aggregates formed (spontaneously) are vesicles and not direct 
micelles.19,20,39–43 As it is well known the lack of critical aggregation concentration is a 
peculiarity that distinguishes vesicles13 from direct micelles.38 Moreover, the aggregates 
obtained at different [surfactant] concentrations do not present high polydispersity 
indexes, suggesting that they are unilamellar vesicles.6,7
Table 1. Apparent hydrodynamic diameters (dapp) and polydispersity indexes (PDI) of 
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bmim-AOT and hmim-AOT vesicles in water at different surfactant concentrations. T = 
25 °C.
bmim-AOT hmim-AOT
Surfactant concentration (10-4 M) dapp (nm) PDI dapp (nm) PDI
0.2 164 ± 10 0.4 120 ± 10 0.4
1.0 146 ± 10 0.3 94 ± 10 0.3
3.0 164 ± 10 0.2 90 ± 10 0.3
5.0 146 ± 10 0.2 93 ± 10 0.3
7.0 150 ± 10 0.3 118 ± 10 0.4
In order to further characterize the organized systems obtained, transmission 
electron microscopy (TEM) micrographs of the bmim-AOT and hmim-AOT aqueous 
solutions were registered. Figure 1 shows the TEM images obtained for both surfactants 
at [surfactant] = 3x10-4 M. Vesicles with diameters and homogeneous distributions 
comparable to those measured by DLS can be observed (see Figure S3). The average 
value of the vesicles observed in the TEM images is 186 ± 10 nm for the bmim-AOT 
vesicles and 103 ± 10 nm for the hmim-AOT vesicles.
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Figure 1. TEM images (negatively stained 2% phosphotungstic acid) of bmim-AOT (A) 
and hmim-AOT (B) vesicles. [Surfactant] = 3x10-4 M. Scale bar = 1 m. The inset on 
the top-right corner corresponds to a zoom of a vesicle.
B
A
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These results are very interesting because the Na-AOT surfactant does not have 
the capacity to form spontaneously unilamellar vesicles in water at the surfactant 
concentrations evaluated.19,20,39–43 Several reports have shown data about the vesicle 
formation but use different methodologies to prepare them (such as extrusion).44–49 
Therefore, the chemical structure of the cationic components in the new surfactants 
strongly impact their aggregation process.19,20,49
As a complementary experiment, zeta potential measurements were carried out. 
This is an important parameter in order to determine the stability of vesicles and its 
interaction with biological system.12 Zeta potential values corresponding to the different 
vesicle solutions investigated are listed in Table 2.
Table 2. Zeta potential values of bmim-AOT and hmim-AOT vesicles in water at 
different surfactant concentrations. T = 25 ° C.
bmim-AOT hmim-AOT
Surfactant concentration (10-4 M) Zeta potencial (mV) Zeta potencial (mV)
0.2 -21 ± 2 -14 ± 2
1.0 -22 ± 2 -18 ± 2
3.0 -20 ± 2 -15 ± 2
5.0 -22 ± 2 -19 ± 2
7.0 -21 ± 2 -15 ± 2
The results obtained show vesicles of bmim-AOT with an average zeta potential 
of -21 mV, while those of hmim-AOT have values around -16 mV. This suggests that 
the anionic part of the polar head of both surfactants is exposed to the outer region of 
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the vesicular bilayer. The fact that more negative charge is found in bmim-AOT vesicles 
compared to that in hmim-AOT vesicles could indicate the presence of a smaller 
amount of positive counterions in the vesicular interface of the water/bmim-AOT 
systems than in the hmim-AOT aggregates. It is important to mention that the solutions 
used for DLS and zeta potential measurements were stored for 30 days and they were 
used again obtaining sizes and zeta potential values very similar to the initials (values 
shown in Tables 1 and 2). Thus, the samples were stable and no flocculation or 
precipitation occurs.
Taking into account that the vesicles formed from traditional phospholipids have 
been widely used as nanocarriers of drugs, both water-soluble and lipid-soluble,12 it 
seemed interesting to analyze the ability of the bmim-AOT and hmim-AOT unilamellar 
vesicles to incorporate a water-insoluble molecule such as the DR19 dye.23–25 As DR19 
is expected to be localized in the bilayer of the vesicles, this study is useful to estimate 
which of these two vesicles have the least polar bilayer.28 An increase in the amount of 
dye localized in the bilayer would mean an decrease in the polarity of this region.23–25,28 
Figure 2 shows the amount of DR19 dissolved in the vesicular solutions as a function of 
the surfactant concentrations.
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Figure 2. Variation of the DR19 concentration solubilized in the vesicular systems 
water/bmim-AOT and water/hmim-AOT as a function of the [surfactant]. T = 25 °C.
As can be seen in Figure 2, the bilayer of the hmim-AOT vesicles solubilizes 
more amount of DR19 than the vesicular system composed by bmim-AOT. This points 
out that the lipid bilayer of hmim-AOT could be less polar than that of bmim-AOT. This 
could be due to the fact that hmim+, having a longer hydrocarbon chain than bmim+, is 
more hydrophobic and consequently more included in the bilayer.
Then, it was interesting to obtain information about the microviscosity of both 
bilayers. With this in mind, the molecular probe P3P was used at a fixed concentration 
([P3P] = 2x10-6 M), varying the concentration of surfactant. The dependence of the ratio 
of intensities of the emission bands of the monomer (IM) and the excimer (IE) in the 
fluorescence spectra of P3P on surfactant concentration is shown in Figure 3. The 
increase in the IM/IE ratio implies an increase in the microviscosity of the environment 
where the molecular probe is located.26,29,50
The IM/IE ratio follows a sigmoidal trend in both systems and, the higher ratio 
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found for hmim-AOT as compared to bmim-AOT for all the surfactant concentrations 
investigated, would indicate a larger rigidity of the interfacial layer of hmim-AOT 













Figure 3. Variation of the IM/IE ratio with [surfactant] in the vesicular systems 
water/bmim-AOT and water/hmim-AOT. [P3P] = 2x10-6 M. T = 25 °C.
It can be observed in Figure 3 that the IM/IE ratio in hmim-AOT vesicles reaches 
a constant value of approximately 4.5, while in bmim-AOT vesicles this value is 
approximately 1.5. It is also interesting to note that the constant values are reached for 
[hmim-AOT] > 3x10-3 M while for [bmim-AOT] > 6x10-3 M. This could be explained 
by a stronger tendency of P3P to incorporate into the hmim-AOT vesicles due to its less 
polar bilayer (observed through the study that was performed with DR19), in 
comparison to that of bmim-AOT.26 The higher microviscosity detected by P3P in 
hmim-AOT vesicles could imply that the bilayer of these vesicles is more compact than 
that of bmim-AOT vesicles. This result would agree with the size of vesicles obtained 
by DLS. Hmim-AOT vesicles with a more compact bilayer are smaller than bmim-AOT 
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vesicles. This smaller size could be the result of the hmim+ hexyl tails being disposed in 
a more compact conformation in the vesicle bilayer than the bmim+ butyl tails in the 
bmim-AOT aggregates. This behavior is similar to the observed for the catanionic IL-
like surfactant benzyl-n-hexadecyldimethylammonium 1,4-bis-2-
ethylhexylsulfosuccinate used to create vesicles which have a more compact bilayer 
with greater capacity to solubilize dyes than the DOPC vesicles.8
It is important to bear in mind that the size of the vesicles and the compactness 
of the bilayer depend, among many other variables, on the effective packaging 
parameter of the surfactant p, defined as p = v/alc, where v and lc are the volume and the 
length of the hydrocarbon chain, respectively, and a is the area of the surfactant head 
group.51 The p value of the vesicles is within the range 1/2 < p < 1, for direct micelles p 
< 1/3 and for bilayers p ≈ 1. The size of the vesicles is larger when the p value is closer 
to 1. Therefore, all the factors that increase the v value, increase the packing parameter 
that affects the size of the vesicles.52 At the surfactant concentrations used in this work, 
the Na-AOT precursor in water forms mainly direct micelles,45,53,54 however, the results 
obtained in this work indicate that the two IL-like surfactants prepared form 
spontaneously vesicles in water. This can be explained as follows: the ionic nature of 
the polar head group of the precursors (Na-AOT, bmim-Cl and hmim-Cl) and, the need 
to act as counterions to each other in the new ILs-like surfactants produces changes in 
the p parameter compared to the Na-AOT precursor. Our hypothesis is that due to the 
replacement of the Na+ counterion of AOT by bmim+ and hmim+, an increase in the 
effective area can be expected. However, the bmim+ and hmim+ counterions have a 
hydrocarbon tail which could be located close to the hydrocarbon tails of AOT, favoring 
hydrophobic interactions and significantly modifying the effective volume. In this way 
the v/a ratio would increase, causing an increment in the p value, which could go from p 
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< 1/3 (corresponding to Na-AOT) to p between 1/2 and 1 (corresponding to bmim-AOT 
and hmim-AOT vesicles).
In regard to the zeta potential values, they seem to indicate that there is a 
somewhat higher presence of hmim+ than bmim+ in the bilayer of the vesicles. This 
could result in a decrease in the electrostatic repulsions between the negative charges of 
the AOT, making the v/a ratio slightly lower in hmim-AOT vesicles than in those of 
bmim-AOT and, therefore, generating a more compact bilayer and smaller vesicles. A 






















































































Scheme 2. Schematic representation of the vesicle interfaces of IL-like surfactants (A: 
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Once the vesicles systems were investigated, it would be very interesting to 
explore the possible DNA solubilization in the bilayer and, to investigate the DNA-
surfactant interactions.
CD experiments were performed in order to investigate the interactions between 
DNA and the vesicles. Vesicular solutions of bmim-AOT and hmim-AOT were 
prepared at different surfactant concentrations and, the same amount of ctDNA 
([ctDNA] = 5x10-5 M) was added to each of them. Using the CD technique, the 
characteristic bands of DNA between 220 - 310 nm were analyzed and plotted in Figure 
4. 
Double stranded DNA shows a positive band at  = 278 nm and a negative band 
at  = 246 nm, corresponding to the stacking of - bases and the helical structure, 
respectively.55 CD spectra of solutions containing ctDNA with bmim-Cl and hmim-Cl 
were also registered, in order to know if the cationic precursors of both surfactants 
interact with the DNA (See Figure S4 in supporting information section).
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Figure 4. CD spectra of ctDNA interacting with the vesicular system water/bmim-AOT 
(A) and water/hmim-AOT (B). [ctDNA] = 5x10-5 M. T = 25 °C.
Figure 4 shows changes in the DNA CD spectra, which indicates that bmim-
AOT and hmim-AOT vesicles interact with the polynucleotide. The intensity of both 
bands decreases upon increasing surfactant concentration, although the more substantial 
changes occur in the negative band. These results indicate that the vesicles interact with 
the DNA, partially modifying the polynucleotide conformation.56 It is interesting to note 
that no changes in the DNA CD spectrum are observed in the solutions of bmim-Cl and 
hmim-Cl with DNA (Figure S4), indicating that the cationic precursors do not interact 
with the DNA. Additionally, the DNA CD spectrum in presence of the Na-AOT 
surfactant were taken (results not shown), and the DNA was not affected. This would 
indicate that it is necessary for the counterion to have a hydrophobic region so that it 
can interact with the polynucleotide. In order to compare between both vesicular 
systems, ellipticity ( of the negative band, at  = 246 nm, was plotted in Figure 5 at 
different surfactant concentrations.
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Figure 5. Variation of obs with [surfactant] in the vesicular system water/bmim-AOT 
and water/hmim-AOT. [ctDNA] = 5x10-5 M. T = 25 °C.  = 246 nm.
This Figure shows that hmim-AOT vesicles interact more strongly with DNA 
than bmim-AOT vesicles. One would expect stronger electrostatic interactions between 
bmim-AOT and DNA than for the hmim-AOT and DNA based on the zeta potential 
values listed in Table 2. However, hydrophobic interactions, which play a key role in 
the interactions between DNA and other species32,57 will be stronger as the longer is the 
hydrophobic tail of the surfactant. Taking this into account, results in Figures 4 and 5 
could be explained by the influence of the surfactant tail length on the vesicles:DNA 
interactions. In future work the interactions between the IL-like surfactants and DNA, 
and the cytotoxicity of these aggregates will be investigated in more depth since the 
design of biocompatible nanocarriers for genetic material is relevant in regard to gene 
transfection.
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The results obtained in this investigation show that the replacement of Na+ by 
bmim+ and hmim+ in the Na-AOT molecule drastically affects the physicochemical 
properties of the aggregates formed by the surfactant in water. The ionic liquids like-
surfactants bmim-AOT and hmim-AOT have the ability to form spontaneously 
unilamellar vesicles in water. Hmim-AOT vesicles are smaller, with less negative 
surface charge, greater rigidity of the bilayer and greater capacity to solubilize 
molecules of low polarity, in comparison to bmim-AOT vesicles. It was also observed 
that hmim-AOT vesicles interact more with the DNA than bmim-AOT vesicles. This 
suggests the importance of hydrophobic interactions in the formation of surfactant-DNA 
complexes. The study of the interaction of surfactants with DNA deserves further 
investigation, since these aggregates could be efficient non-viral vectors in the 
transfection of genes.
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Due to the bilayer composition, hmim-AOT vesicles interact more strongly with DNA 
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